Introduction
Aplastic anemia is characterized by peripheral blood pancytopenia and a hypocellular bone marrow. 1 In most cases, aplastic anemia is an immune-mediated disease with active destruction of hematopoietic cells by activated cytotoxic T lymphocytes (CTLs) and increased IFN-␥ levels 2 ; natural killer (NK) cell numbers and NK cytolytic activity in vitro are decreased. 3 NK cells and CTL can lyse tumor cells and virus-infected cells, but they also have activity against some normal cells that present self-antigens (such as immature dendritic cells), primarily to prevent autoimmunity. One of the pathways that NK cells and CTLs use to destroy target cells is release of cytolytic proteins. Perforin, a key component of this cytolytic process, is expressed mainly in CTLs and NK cells 4, 5 ; perforin is stored in cytoplasmic granules and is essential for killing by non-Fas-mediated mechanisms. Functional perforin is essential for normal CTL and NK cell function. [6] [7] [8] [9] We describe 4 unrelated patients with a mutation in exon 2 of PRF1 gene and 1 patient with a mutation in exon 3; all mutations were in the coding region of PRF1 and all but one gene carried also a polymorphism in exon 3. We hypothesize that genetic alterations in PRF1 gene may contribute to the development of acquired aplastic anemia.
Patients, materials, and methods

Patients and controls
Informed consent was acquired according to protocols approved by the Institutional Review Board of the National Heart, Lung, and Blood Institute for all patient samples.
DNA from 75 unrelated patients with acquired aplastic anemia were sequenced for PRF1. For controls, resequence analysis was performed in both the SNP500 Cancer set and the Human Genomic Diversity Panel (HGDP) 10, 11 (Document S1, available on the Blood website; see the Supplemental Document link at the top of the online article).
Nucleotide sequencing
Sequencing in DNA samples extracted from peripheral blood and buccal smear cells from patients and healthy controls was performed as previously described 12 (Document S1).
Western blot analysis, confocal microscopy, and cytotoxicity
Immunoblots were performed as previously described 2 (Document S1). Perforin granules in CD8 ϩ T cells were examined by confocal laser microscopy as previously described 13 (Document S1). Cytotoxic activity from patients' NK cells was compared with that from healthy controls as previously described. 13 
Statistical analysis
Differences in the frequencies of coding-sequence variations between samples from patients and those from healthy controls were evaluated by chi-square test using the Prism software (Prism Software, Irvine, CA).
Results and discussion
Patients with acquired aplastic anemia and perforin mutations
Of the 75 patients with acquired aplastic anemia examined, 3 novel, nonsynonymous mutations were identified in PRF1 in 5 patients For personal use only. on October 20, 2017 . by guest www.bloodjournal.org From (Document S1; Figure 1 ; Tables 1-2). In 3 patients, PRF1 sequencing revealed a heterozygous mutation in exon 2 in codon 91, with alanine replaced by valine (A91V). A previously known, common single nucleotide polymorphism in exon 3 (H300H) was also present. A novel mutation in exon 3 was identified in patient D: in codon 388, serine was replaced by isoleucine (S388I); this The controls included 1036 from the HGDP, 102 from the SNP500 Cancer set, and 18 anonymous healthy persons. The peripheral blood and bone marrow counts at diagnosis (Document SI) are shown. All patients were men with a diagnosis of severe aplastic anemic. CsA indicates cyclosporine A. *Race or ethnic group was self-reported by the patients.
PERFORIN MUTATIONS IN APLASTIC
also carried a single nucleotide polymorphism in exon 3 (A274A). In patient E, a heterozygous mutation in exon 2 was identified: in codon 4, an arginine residue was replaced by histidine (R4H). The germ line origin of PRF1 mutations was established by their detection in DNA extracted from buccal mucosa specimens obtained from 4 of 4 patients (A, B, C, and D).
In the normal immune response, antigen-presenting cells (APCs) can be eliminated through perforin-dependent cytotoxicity. The pathophysiology of familial hemophagocytic lymphohistiocytosis (FHLH), a fatal disease of the early childhood, is explained by the absence of perforin. 7, 8 T cells receive activation signals through the APCs, but the APCs and the activated T cells are not eliminated, resulting in uncontrolled expansion of CTLs and CD34 destruction. 13 Perforin gene mutations account for 20% to 40% of FHLH cases linked to 10q21-22 (FHLH2). 14 Perforin consists of a leader and a lytic peptide, 2 regions of low homology, a conserved amphipathic ␣-helix, an EGF-like domain, a C2 domain, and a cleavable C terminus. Mutations have been identified in all domains but the cleavable C terminus 9 ; approximately 48 different mutations in PRF1 have been identified in FHLH2. 15 In idiopathic aplastic anemia, T cells are activated, 1,2,16 and here we examined whether perforin was involved in this activated T-cell phenotype.
The A91V mutation in exon 2 has been argued to be functionally important despite that it has also been reported to be a polymorphism in the general population, with an allele frequency ranging between 3% and 17%. [17] [18] [19] [20] Our analysis of the A91V site in 52 worldwide populations with more than 1000 unrelated persons of diverse backgrounds revealed an overall prevalence of approximately 1% (we did not see an enrichment or increased prevalence in a particular geographic region or ethnic group). To our knowledge, we describe for the first time PRF1 gene mutations in adults older than 30 years of age who had developed a significant hematologic disease. A communication describes atypical presentation of FHLH in 2 siblings in their mid-20s carrying the A91V mutation. 21 The A91V mutation may have a milder phenotype and accounting for later onset of clinical manifestations but, nevertheless, participate in the development of catastrophic immunemediated syndromes. 20, 22 Of note, alanine at position 91 is conserved among human, mouse, and rat perforin protein. 9 Although the number of patients in our study is too small to draw a definitive conclusion, 4 of 5 patients with aplastic anemia with PRF1 mutations showed evidence for hemophagocytosis in the bone marrow when first diagnosed, but there were no other typical clinical features of hemophagocytic syndrome 9, 15, 23, 24 (Figure 1C) . Historically, some elements of hemophagocytosis in bone marrow aspirates in severe aplastic anemia has long been recognized but may be underdescribed because of the dramatic empty marrow appearance that is pathognomonic of the disease. 25 Possibly PRF1 gene mutations are related to a more severe phenotype of marrow failure, for which hemophagocytosis may be a morphologic marker of prognosis, because none of our patients with PRF1 mutations experienced hematologic recovery with immunosuppressive treatment.
Perforin protein levels and cytolytic activity PRF1 mutations in patients with aplastic anemia appear to be functionally important because they associate with low perforin protein levels and impaired cytolytic activity. Perforin protein levels were markedly reduced or absent in all patients carrying the PRF1 mutations (n ϭ 5) compared with the T cells of healthy controls (n ϭ 8; Figure 2A ). All but one of the patients with aplastic anemia without PRF1 mutations (n ϭ 7) had similar amounts of perforin protein compared with healthy controls. Three patients with myelodysplastic syndrome and 2 patients with pure red cell aplasia, who served as disease controls, showed perforin protein levels comparable to those from healthy controls (data not shown).
To confirm the absence of perforin protein in patients carrying PRF1 mutations, we examined cultured CD8 ϩ T cells from patients A, B, C, and D in comparison to healthy controls (n ϭ 5) (sequencing for PRF1 in these controls did not reveal mutations or polymorphisms) by confocal microscopy. Staining of the patients' cytotoxic cells revealed complete absence of perforin granules in patients A, B, and D ( Figure 2B) ; patient C showed slightly decreased staining of perforin granules ( Figure 2B ). Patients with PRF1 mutations also showed markedly decreased cytolytic activity ( Figure 2C ; aplastic anemia patients not carrying mutations (n ϭ 2) also showed decreased cytolytic activity, 3 although not as low as observed in the patients with PRF1 mutations).
Mechanistically, PRF1 gene mutations may help explain the aberrant proliferation and activation of CTLs. Additional genetic variations in genes implicated in the homeostasis of the immune system and the down-regulation of an immune response cannot be excluded. 1 Here, we show that mutations in an immune regulatory mechanism previously identified in young children can manifest in adults without typically associated clinical findings or a suggestive family history, providing a further link between constitutional and acquired bone marrow failure syndromes.
